Abstract. Hyperphosphorylation of tau occurs in preclinical and clinical stages of Alzheimer's disease (AD), and hyperphosphorylated tau is the main constituent of the paired helical filaments in the brains of mild cognitive impairment and AD patients. While most of the work described so far focused on the relationship between hyperphosphorylation of tau and microtubule disassembly as well as axonal transport impairments, both phenomena ultimately leading to cell death, little work has been done to study the correlation between tau hyperphosphorylation and DNA damage. As we showed in this study, tau hyperphosphorylation and DNA damage co-occurred under formaldehyde treatment in N2a cells, indicating that phosphorylated tau (p-Tau) induced by formaldehyde may be involved in DNA impairment. After phosphorylation, the effect of tau in preventing DNA from thermal denaturation was diminished, its ability to accelerate DNA renaturation was lost, and its function in protecting DNA from reactive oxygen species (ROS) attack was impaired. Thus, p-Tau is not only associated with the disassembly of the microtubule system, but also plays a crucial role in DNA impairment. Hyperphosphorylation-mediated dysfunction of tau protein in prevention of DNA structure from damage under the attack of ROS may provide novel insights into the mechanisms underlying tauopathies.
INTRODUCTION
Tau was originally identified as a protein promoting the assembly of microtubules and maintaining microtubules. It is expressed mainly in the axonal compartment of neurons [1] , where it also functions in stabilizing and protecting DNA double-strands [2] [3] [4] [5] [6] [7] [8] [9] . Its activity is regulated by phosphorylation [10] [11] [12] , which is reflected in the fact that its primary sequence contains an unusual high number of potential phosphorylation sites [13, 14] . Upon posttranslational modification by phosphorylation, a process of dissociation of tau from microtubules is initiated, resulting in microtubule disassembly and subsequent impairment of axonal transport [15] [16] [17] . Hyperphosphorylated tau is the main constituent of paired helical filaments [18, 19] , which are structures associated with the development of mild cognitive impairment and Alzheimer's disease (AD) [20] [21] [22] . Hyperphosphorylated tau has also been identified in other tauopathies, a class of neurodegenerative diseases associated with the pathological aggregation of hyperphosphorylated tau in the brain [3, 23, 24] . Apart from the axon and cytoplasm [25] , hyperphosphorylated tau has been detected in the nucleus of neurons as well [26, 27] . However, whether hyperphosphorylation disables tau in its capacity to protect DNA from structural damage has so far eluded investigation.
In most cases, age-related cognitive impairment progresses from a preclinical stage toward a clinical stage [28] . Recently, the focus of AD research shifted toward preclinical molecular events [29] , investigating the mechanisms that activate tau kinases and trigger hyperphosphorylation of tau in neurons. Recent work from our group indicated that in N2a cells and mouse brain cells [30] , tau is converted to phosphorylated tau (p-Tau) upon exposure to formaldehyde, a process that occurs concomitantly with activation of glycogen synthase kinase-3␤ (GSK-3␤), a well-documented tau kinase [16, [31] [32] [33] [34] . Furthermore, internally produced formaldehyde is found to correlate positively with human aging as well as with the severity of cognitive impairments in patients with age-related dementia [35, 36] . In addition, it was shown that extracellular formaldehyde, even at a near-physiological concentration induces tau misfolding and subsequent cytotoxicity in vitro [37] [38] [39] [40] . Rats injected intraperitoneally with 0.5 mM formaldehyde (60 mg/kg) show cognitive deficits in a Morris water maze test, suffering from both acute and chronic signs of impairment of long term potential [41] . However, the relationship between hyperphosphorylation of tau protein induced by physiological concentrations of formaldehyde and DNA damage remains unclear. Investigations were also carried out to clarify whether hyperphosphorylation reduces the ability of tau to associate with DNA, and to protect it from formaldehyde-induced damage.
GSK-3␤ is shown to be one of the major kinases that phosphorylate specific tau epitopes, such as Thr181 (T181) and Ser396 (S396) [42] [43] [44] . Extracellular detection in the cerebrospinal fluid of T181-phosphorylated tau serves as a biomarker for AD prediction [45] [46] [47] . Phosphorylation of S396 results in decreased tau solubility in vitro, and is believed to be a crucial step in the development of neurofibrillary pathology in AD [48, 49] . Our previous work in N2a cells as well as mouse brain cells showed that both exogenous and endogenous formaldehyde can trigger tau hyperphosphorylation. Here, GSK-3␤ was employed to convert purified tau into p-Tau, and to investigate the effects of tau phosphorylation on taumediated DNA folding and protection from thermal denaturation and reactive oxygen species (ROS) attack.
In this study, we aimed to investigate the interaction between p-Tau and DNA, in order to clarify how phosphorylation renders tau unable to perform the task of protecting DNA from thermal denaturation and ROS attack. We evaluated the effects of p-Tau on DNA folding, which is relevant to the function in protection of DNA. Our findings suggest that tau protein plays a role in DNA folding, possibly by assisting the formation of a structure that protects DNA from an attack by ROS.
MATERIALS AND METHODS

Materials
The following antibodies were used for western blotting and/or immunostaining. Anti-tau (Tau5, a monoclonal antibody recognizing both phosphorylated and non-phosphorylated tau) and anti-pS396 (clone PHF13) were from Millipore (USA); anti-pT181 was from SAB (USA); anti-GSK-3␤ was from CST (USA). Horseradish peroxidase-conjugated/TRITClabeled goat anti-mouse/rabbit secondary antibodies were from Zhongshan Goldbridge Biotechnology (China). Formaldehyde and calf thymus DNA were from Sigma (USA). The APO-BrdU™ TUNEL Assay kit was from Invitrogen (USA). All other reagents were of analytic grade and were used without additional purification.
The prokaryotic expression vector Prk172 containing the tau 352 insert, which is the tau isoform of the lowest molecular weight, courtesy of Dr. Goedert (Medical Research Council, Molecular Biology Unit, Cambridge, UK). Tau 352 was purified in step-wise with Q-Sepharose, SP-Sepharose, and Sephadex-G75 columns. Protein concentration was determined by BCA assay (Pierce Biotechnology, Rockford). The purity of the protein was assessed by 12% SDS-PAGE electrophoresis. After purification, tau protein showed a single band in the SDS-PAGE (Supplementary Fig. 1a) .
Preparation of phosphorylated tau protein
Five g of tau protein were incubated overnight at 30 • C with 5000 U of GSK-3, in a buffer containing 20 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM DTT, and 2 mM ATP. Phosphorylation of tau was performed according to the manufacturer's instructions (Sigma, USA). Successful phosphorylation of tau was verified by western blotting with anti-pS396 and anti-pT181 antibodies ( Supplementary Fig. 1b) .
Animals
Sprague Dawley (SD) rats were from Vital River Laboratories Technology Co., Ltd. (China). All rats were maintained in animal facilities under pathogenfree conditions. All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Biological Research Ethics Committee, Institute of Biophysics, Chinese Academy of Sciences (approval ID SYXK (SPF) 2007-141).
Electrophoretic mobility-shift assay (EMSA)
A 26 bp oligomer (5 actccgtgcataaataataggcactcg3 ; 3 gaggcacgtatttattatccgtgagcc5 ) was synthesized (Shanghai Sangon Co., China) based on the mouse N-Oct-3 sequence [50] . For effective annealing, one additional nucleotide was added at each 5 terminus [51] . The polynucleotides were denatured by heating for 5 min to 95°C in a water bath, and the complementary strands were then annealed by cooling down slowly to room temperature. The concentration of the annealed double-stranded DNA (dsDNA) (26 bp) was determined according to the absorbance at 260 nm on a Hitachi U-2010 UV Spectrophotometer (Japan). Tau protein was incubated with 100 ng dsDNA at the ratio [Tau]/[DNA] = 4/1 in 10 l TNME solution with 20 mM Tris buffer (pH 7.2), 50 mM NaCl, 0.5 mM DTT, 1 mM MgCl 2 and 0.5 mM EDTA (RT, 20 min). The quantitative ratio of [Tau]/[DNA] was defined as the ratio of the number of protein molecules to the number of DNA base pairs, unless otherwise stated. The dsDNA-tau complexes were resolved by non-denaturing 20% polyacrylamide gel and run at 100 V in 1 × TBE running buffer (89 mM Tris base, 89 mM boric acid and 2 mM EDTA, pH 8.3) at 4°C for 2 h. Subsequently the gel was stained with EB (0.5 mg/ml) for 30 min and visualized using a gel UVP Image store 7500 system (Dingyong Co., China). Phosphorylated tau and formaldehyde-treated tau (FA-Tau) were subjected to the same procedure. BSA and histone H1 were used as negative and positive control for DNA binding ability, respectively.
To test the effect of formaldehyde on DNA damage, DNA (1 g of vector Prk172 bearing tau 352 ) incubated with formaldehyde at different concentrations (0, 0.05, 0.1, 0.3, and 1 mM, 37°C, 30 min) was loaded onto a 2% agarose gel. DNA incubated with DNase I for 1 min and 30 min was used as a positive control.
Cell culture, treatments, and cell viability assays
The human (SH-SY5Y) and mouse neuroblastoma (N2a) cell lines were obtained from the Institute of Basic Medical Sciences (Chinese Academy of Medical Sciences, School of Basic Medicine, Peking Union Medical College). Cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS, PAA, Austria) and then passaged every 3 days when they reached 90% confluency, according to a previously published method [52] .
Cells were seeded onto 96-well plates at a concentration of 3 × 10 5 cells/ml (200 l). After cell attachment to the plate (24 h), the medium was replaced with fresh DMEM containing 0.3 mM formaldehyde. Cellular morphology was observed under a laser scanning confocal microscope (LSCMFV500, Olympus, Japan) and cell viability was measured using a Cell Counting Kit (CCK-8, Dojindo Molecular Technologies, Japan), according to the manufacturer's instructions [53, 54] . Cells not treated with formaldehyde were used as controls.
DNA damage and cell apoptosis were detected by using the APO-BrdU™ TUNEL Assay according to the manufacturer's instructions [55] . Cells attached to plastic dishes were harvested using 0.25% trypsin and resuspended in cold PBS. Cell suspensions were then fixed with paraformaldehyde for 15 min. After centrifugation (300 × g, 5 min), the supernatant was discarded and the cells were resuspended in 50 l freshly prepared DNA-labeling solution and incubated overnight at 37 • C. After incubation, 1 ml rinse buffer was added to each tube and the samples were centrifuged (300 × g, 5 min) to remove the supernatants. The cell pellets were resuspended and incubated in antibody staining solution in the dark for 30 min. Finally, the cells were transferred onto slides for microscopy analysis. 0.5 ml of propidium iodide/RNase I staining buffer was used to incubate the slides for another 30 min in the dark. Photographs were taken using a FV1000 confocal microscope (Olympus, Japan).
Immunofluorescent staining
Cells were seeded onto a 24-well plate, with each well containing a glass coverslip coated with cell adhesive. After 24 h of growth, 0.2 mM formaldehyde was added to the N2a cells for a further 4 h. Cells were fixed with 4% paraformaldehyde for 10 min, washed three times with PBS, before being permeabilized with 0.1% TritonX-100/PBS for another 10 min. Following several wash steps, cells were blocked with 10% goat serum/PBS at room temperature for 1 h. Antibodies (anti-pT181, anti-pS396, Tau5, each diluted to 1 : 100 in PBS) together with phalloidin and Hoechst-33258 were added to the cells for overnight incubation at 4°C. After been washed with PBS, slides were incubated with TRITC-labeled goat anti-rabbit/mouse secondary antibodies (1 : 200) for 1 h. Cells were washed with PBS and mounted with 90% glycerol, before sealing the coverslips with nail polish. Immunofluorescence was analyzed by confocal microscopy.
Thermal denaturation and renaturation of DNA in the presence of p-Tau
For kinetic measurements of calf thymus DNA (40 g/ml) denaturation, a cuvette was incubated with protein ([DNA]/[protein] = 1) in an ultraviolet spectrophotometer and the temperature was kept at 80°C by using a thermal bath. When a sample was added into the cuvette, the absorbance at 260 nm was immediately measured for 20 min. All data were analyzed as described previously [56] . For kinetic measurements of DNA renaturation, samples were incubated for 20 min at 100°C. The absorbance at 260 nm was recorded for 20 min, following the addition of the sample into the cuvette at room temperature. All the data were analyzed as described previously [56] .
Isolation of nuclei and chromatin
A Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas, Canada) was used to isolate nuclei from SD rat livers, and the experimental procedures were followed per manufacturer's instructions [57] . The following isolation steps were all performed on ice. Five g of fresh rat liver was rinsed with ice cold PBS (pH 7.3) and blotted dry. Next, liver samples were homogenized gently in PBS and non-homogenized tissue was filtrated through gauze filter. The homogenate was centrifuged (250 × g, 5 min) and the supernatant was removed. 500 l cell lysis buffer was added into the 100 mg tissue and was kept for 10 min. The cytoplasmic fraction was separated from the nuclear pellet by centrifugation (500 × g, 7 min) and removed within the supernatant. Nuclear pellets were washed using nuclei washing buffer and centrifuged (500 × g, 7 min) before removing the supernatant. The nuclear pellets were then resuspended in 150 l nuclei storage buffer, and kept on ice prior to analysis.
The chromatin was isolated from nuclei that were incubated with micrococcal nuclease to digest the DNA into nucleosomal fractions as described by Noll and coworkers [58] . One ml of nuclei was incubated with (1 U) micrococcal nuclease and 1 mM CaCl 2 at 37°C for 1 min. Reactions were stopped by adding EDTA to a final concentration of 5 mM on ice. Chromatin was prepared from nuclei disrupted by sonication at 4°C, then layering 20 l of the suspension over a 100 l pad of 80% glycerol. After centrifugation (10,000 rpm, 4°C, 15 min), the chromatin pellet was resuspended in the appropriate volume of TE and the DNA concentration was determined by fluorimetry.
Removal of histone H1
Histone H1 was removed from the chromatin preparations as previously described [59] . In brief, the chromatin solution was adjusted to 50 mM sodium phosphate (pH 7.0), 0.2 mM EDTA, and 100 mM NaCl and stirred in the presence of one-quarter of the volume of the ion exchange resin AG50W-X2 (Bio-Rod, USA) on ice for 90 min. The resin was pelleted at 500 × g for 5 min. After centrifugation, the supernatant containing H1-depleted chromatin was carefully collected for later analysis, and stored at -80 • C for subsequent analysis.
Purification of histone proteins
Histone proteins were isolated from liver cell nuclei as described in details earlier [60] . All the following steps were performed at 4 • C. Nuclear pellets prepared as described above were resuspended and then incubated in 0.2 M H 2 SO 4 for 4 h prior to centrifugation (10,000 × g, 20 min). The supernatant containing acidsoluble proteins was collected and was incubated with 20% trichloroacetic acid overnight. After centrifugation (16,000 × g, 30 min), the pellets containing all histone proteins were washed once in ice-cold acetone containing 1% HCl and then washed once with ice-cold acetone. Pellets were vacuum-desiccated and stored at −80 • C until further use. Components of histone proteins were resolved by SDS-PAGE using an 8-16% gradient gel, with subsequent Coomassie staining.
Electron microscopy
For analysis by electron microscopy, chromosomal samples were fixed at 4 • C for at least 15 h by adjusting the solutions in the corresponding buffers to 0.1% glutaraldehyde. For chromosome spreading, the fixed samples were diluted at room temperature with the corresponding fixation buffers to an A 260 of 0.02-0.06, and BAC [61] was added from a stock solution in water (0.2 g/100 ml) to a concentration of 2 × 10 −4 % (∼7 × 10 −4 mM). After 30 min, droplets of 5 l were applied to carbon-coated grids fixed on a sheet of Parafilm (American Can Co., Greenwich, Conn.). Adsorption of the chromatin fibers to the grids was allowed to take place for 5 min. The grids were washed with redistilled water for 10 min, dehydrated for 2-3 s in ethanol, and blotted dry on filter paper. For contrast enhancement, the grids were rotary-shadowed at an angle of 7 • using carbon-platinum evaporated from an electron gun. Samples were examined in a Siemens electron microscope.101 at ×20,000. For the magnification calibration, a carbon grating replica grid from Balzers Union (Lichtenstein) was used [59] .
Determination of the effect of p-Tau on DNA antioxidation
Copper, ascorbate, and 1,10-phenanthroline were premixed in 0.1 M NaOAc/HOAc (pH 5.2) buffer as described by Ma et al. [62] . Protein was premixed with DNA for at least 20 min in a NaOAc/HOAc buffer solution. Samples were incubated with phenCu/ascorbate at 37 • C for 5 min. Afterwards, H 2 O 2 was added to the solution to give a final volume of 100 l. The chemiluminescence produced in the phen-Cu/H 2 O 2 /ascorbate system was immediately recorded with a computerized high sensitivity microplate luminometer (Type Centro XS³ 
Data analysis
Data are shown as means ± standard error (S.E.M). Means of formaldehyde concentrations or blot densities among groups were compared by ANOVA followed by a post-hoc test. Statistical analyses were performed with Origin 5.0 and SPSS 16.0 [63] .
RESULTS
As previously reported by Lu et al., formaldehyde induces the translocation of GSK-3␤ into the nucleus and promotes nuclear tau to be hyperphosphorylated in both N2a cells and C57BL/6 N mouse brain cells [30] , also with an observation that tau disassociated from genomic DNA. Therefore, we first investigated whether the DNA is damaged following hyperphosphorylation of tau as a result of formaldehyde exposure of cultured cells.
In order to observe DNA damage inside the cell nucleus, we used a TUNEL assay to stain DNA in N2a cells treated with different concentrations of formaldehyde (Fig. 1) . Cell nuclei were slightly stained in media containing 0.05 mM (Fig. 1b) and 0.1 mM formaldehyde (Fig. 1c) , compared to a negative control lacking formaldehyde (Fig. 1a) . DNA staining was more intense after formaldehyde treatment of increasing concentrations, using 0.3 mM (Fig. 1d ) and 1.0 mM (Fig. 1e) . In DNase I treated cells used as a positive control, intense nuclear staining was observed (Fig. 1f) . CCK-8 results indicated that the cell viability of formaldehyde-treated cells decreased significantly (Fig. 1g) . Similar results were observed in SH-SY5Y cells (Supplementary Fig. 2 ). These results suggest that the strands of the genomic DNA are presumably structurally compromised in the presence of formaldehyde, which likely results in a compromised DNA structure, and ultimately in reduced cell viability and cell death.
In addition, hyperphosphorylation of nuclear tau was also observed in N2a cell nuclei by immunostaining with anti-pT181, anti-pS396 and anti-tau (Tau5) antibodies (Supplementary Fig. 3 ). Importantly, in the presence of formaldehyde, the fluorescent signal for p-Tau did not overlap with the Hoechst 33258 staining for DNA. As indicated in our previous work [64] , nuclear tau protein was hyperphosphorylated after 24 h formaldehyde incubation and both SH-SY5Y and N2a cell viabilities decrease by ∼50%. These results suggest that the interaction between tau and DNA is disturbed once the protein is phosphorylated.
Prior to investigating the effect of phosphorylation on the association of tau and DNA, we expressed and purified tau protein from E. coli as described previously [51] . Coomassie staining identified a single band on the SDS gel, verifying the purity of the expressed Cell viability of formaldehyde-treated cells was measured using a CCK-8 assay (g). The control value was set as 1.0. All values were expressed as means ± S.E.M. ***p < 0.001, n = 6. protein ( Supplementary Fig. 1a) . Phosphorylated tau was then prepared by incubating tau protein with GSK-3 overnight at 30°C. Phosphorylation of tau was confirmed by western blotting using residue-specific antibodies. As shown in Supplementary Fig. 1b , tau protein was phosphorylated at residues T181 and S396, with no background staining for phosphorylation in the negative control lacking GSK-3 treatment. In contrast, both samples were recognized by an anti-Tau antibody Tau5.
Next, we employed an EMSA test to investigate whether phosphorylation of tau interferes with its DNA binding. While distinct retardation was observed for the 26 bp dsDNA in the presence of native tau, no shift was detectable for p-Tau ( Supplementary Fig. 4 ). In comparison, the controls used showed either distinct (histone H1) or little (BSA) retardation. Taken together, our results indicate that phosphorylation of tau markedly interferes with its binding ability to DNA.
Since phosphorylation drastically reduced the interaction between tau and DNA, we investigated if phosphorylation has an impact on the ability of tau to stabilize and protect the DNA. To this end, the hyperchromic effect, which is defined as an increase in absorption of ultraviolet light of DNA upon its denaturation, of tau and p-Tau during the transition of calf thymus dsDNA to single-stranded DNA (ssDNA) was studied under thermal condition. The observed kinetics of denaturation of the DNA followed a triphasic pattern: an initial slow phase, followed by a fast phase, and a final slow phase (Fig. 2a) . The initial slow phase presumably corresponds to the relaxation phase, during which the DNA is unwinding. Our results show that non-phosphorylated, native tau slows down the rate of DNA denaturation when binding to DNA, which means DNA more strongly resists unwinding in the presence of tau binding. As shown in Fig. 2b , however, the time of maximal change in the absorbance of DNA with p-Tau shifted to 165 ± 20 s, significantly shorter (p < 0.05) than that of DNA bound by unphosphorylated tau (320 ± 31 s). In comparison, the absorbance maximum changes of DNA with BSA (116 ± 16 s) Fig. 2 . Thermal denaturation of calf thymus DNA in the presence of phosphorylated tau. Calf thymus DNA was incubated with protein at 40 g/ml in 10 mM Tris-EDTA buffer (pH 8.0) at 80°C, and absorbance was measured at 260 nm. The ratio of DNA to p-Tau ([DNA]/[protein]) was 1 (w/w). DNA alone, DNA plus native tau, or DNA plus BSA were used as controls (a). The same data were plotted as differentials (dA/dt) (where A and t represent the absorbance and time, respectively (b), or in semilogarithmic form, according to Tsou (c) [56] .
and DNA alone (143 ± 18 s) were significantly shorter. This suggests that the ability of tau protein to stabilize DNA during thermal denaturation is greatly reduced upon hyperphosphorylation.
To confirm that phosphorylation of tau disrupts its DNA binding ability, we next measured the changes in absorbance in a DNA hyperchromic reaction assay, and the first order rate constants were calculated according Fig. 3 . Renaturation of calf thymus DNA in the presence of phosphorylated tau upon removal of thermal conditions. Conditions were as for Fig. 2 , except that renaturation was measured at room temperature after boiling for 20 min at 100°C. DNA alone, DNA plus native tau, or DNA plus BSA were used as controls (a). Data were plotted in semi-logarithmic form according to Tsou (b) [56] .
to Tsou (Fig. 2c) [56] . In the presence of p-Tau, the rate constant of the fast phase of DNA denaturation was about five-fold higher than that of unphosphorylated tau, and with the relaxation time being more than three-fold shorter ( Table 1 ). The rate constant of the control samples containing DNA alone or DNA in the presence of BSA was approximately ten-fold larger than that of DNA with unphosphorylated tau. Given the distinctly faster hyperchromic process for the DNA/pTau complex, these data suggest that phosphorylation interferes with the ability of tau to delay the thermal denaturation of DNA.
To measure correctly the hyperchromic effect of tau during the transition of dsDNA to ssDNA, it is necessary to investigate whether the absorbance of tau interferes with that of DNA at 260 nm. We determined that the absorbance of tau between 240-300 nm was less than 0.05, probably due to the fact that tau does not contain any Trp residues. Thus, the observed absorbance of tau was considered to be below background signal [5] . To demonstrate if phosphorylation interferes with the actual binding of tau to DNA, we compared the effect of p-Tau on renaturation of thermally denatured DNA with that of native tau, upon instant exposure of the denatured DNA to room temperature. We found that renaturation of calf thymus DNA followed a rapid biphasic pattern, with an initial fast and a subsequent slow phase (Fig. 3a) . The observed slow phase suggests that, following the formation of a double helix structure, the DNA is undergoing further folding into a structure of higher compaction. The rate of the fast phase of DNA refolding in the presence of tau was at Samples were incubated at 100°C for 20 min before annealing (renaturation) was initiated. The absorbance at 260 nm was detected within 20 s, following the addition of the sample into the cuvette at room temperature. The ratio (w/w) of [DNA]/[protein] was 1. All data were analyzed according to Tsou [54] . Kinetic rate constants (means ± S.D.) are presented as 10 4 × s −1 .
least eight-fold higher than that of the control sample ( Table 2 ). The rate of the slow phase step was of comparable magnitude, and about nine-fold higher than that of the control sample. Thus, unphosphorylated tau improved DNA refolding during renaturation following thermal denaturation, accelerating both the fast phase and the slow phase. The fact that tau could discriminate the double strands from single strand and then bind to DNA implied that the equilibrium between native and denatured DNA was progressively shifted towards the native form, a process induced by the presence of tau [5] . In contrast, p-Tau did not exhibit the effective acceleration observed for unphosphorylated tau at the fast and the slow phases of this assay (Fig. 3 , Table 2 ). In conclusion, our results suggest that for tau to assist the refolding process of DNA upon renaturation after thermal denaturation, it must be present in its unphosphorylated form, since p-Tau exhibited a greatly diminished ability to do so. After investigating the protective function of tau for DNA strand, we analyzed the relationship between tau and other biological factors known to be hazardous to the structure of DNA. The hydroxyl free radical, the most noxious free radical amongst the ROS, is one of various factors resulting in DNA damage, and its presence in the nucleus can result in broken DNA strands [65] . Thus, we studied the ability of tau to protect DNA from structural impairment by hydroxyl free radicals in vitro. To this end, we employed a phen-copper complex method, where oxidative DNA damage was induced, with the resulting luminescence emission measured from the chemical reaction between DNA and hydroxyl free radicals, as described previously by Ma et al. [62] . As depicted in Fig. 4a , the luminescent intensity was markedly decreased upon addition of non-phosphorylated tau, an observation similar to the positive control sample containing histone H1. In contrast, luminescence emission was significantly higher when DNA was incubated with p-Tau instead. No protective effect was observed with BSA in lieu of tau (negative control). Furthermore, the luminescence intensities were significantly greater for the different ratios of (Fig. 4b, Supplementary Fig. 5 ). Thus, the DNA damage occurred mainly in the presence of phosphorylated tau, and phosphorylation prevented tau from protecting DNA under the attack of hydroxyl free radicals.
To rule out the possibility that DNA damage was directly caused by formaldehyde, the plasmid DNA was incubated with different concentrations of formaldehyde and then subjected to agarose gel electrophoresis. As shown in Supplementary Fig. 6a , DNA was not compromised by formaldehyde, as it was in the presence of DNase I. To confirm that formaldehyde does not directly break DNA strand, plasmid DNA treated with different concentrations of formaldehyde was added to the phen-copper complex (Supplementary Fig. 6b ). The luminescence emission of DNA with formaldehyde (1.0 mM) was not significantly higher than that of DNA alone as control ( Supplementary  Fig. 6c ). This suggests that formaldehyde does not directly contribute to the breakage of plasmid DNA.
Finally, to clarify why native tau, but not p-Tau, is capable of protecting DNA structure, we investigated the structures of both protein-DNA complexes. We isolated chromatin from rat liver, and removed histone H1 from the chromatin (Fig. 5a, Supplementary  Fig. 7 ) as described by Thoma and colleagues [59] . In the presence of native tau, DNA converted to a folded structure (average diameter, 27.42 ± 0.73 nm) as shown in Fig. 5b and by preventing an attack by free radicals. Addition of p-Tau, in contrast, did not result in a folded conformation of DNA (Fig. 5c ). There was no significant difference in DNA strand diameter among the three groups. However, the globular diameter of DNA in the p-Tau group was significantly lower than that of the tau group (Fig. 5d ,e and Table 3 ), indicating a smaller degree of DNA folding in the presence of p-Tau. This is presumably a result of a reduction in the binding ability of tau to DNA upon phosphorylation, therefore preventing the formation of Tau-DNA complexes.
DISCUSSION
Although much work on the correlation of tau hyperphosphorylation and cytoskeletal collapse has been carried out, the effect of hyperphosphorylation of tau protein on its interaction with nuclear DNA had not been studied in any detail. As shown here, phosphorylation of tau markedly interferes with its binding to and protecting of DNA from structural damage. In comparison, native tau is capable of inducing DNA into a folded structure, which possibly provides protection from attacks by intracellular ROS. These results suggest that a posttranslational modification like phosphorylation, can initiate dissociation of tau from DNA, resulting in greater instability of DNA and increased vulnerability to structural damage, alongside with its effect on microtubule disassembly, axonal transport impairment, and even cell death [15] [16] [17] .
Our work provides evidence that tau cannot fulfill its function in protecting DNA once it becomes hyperphosphorylated. First, during thermal denaturation of DNA, p-Tau was unable to interfere with the transition of dsDNA to ssDNA. Second, p-Tau was also impaired in its function in accelerating renaturation of unfolded DNA (refolding). Third, the fluorescent signals of phosphorylated nuclear tau did not overlap with DNA staining with Hoechst 33258 in N2a cells in the presence of formaldehyde [64] . Fourth, in an EMSA assay, p-Tau only minimally reduced the mobility of DNA when compared with native tau. Fifth, when N2a cells were exposed to formaldehyde, DNA damage was observed in a TUNEL assay, correlated with the fact that formaldehyde can cause hyperphosphorylation of nuclear tau. Sixth, Sultan and colleagues have shown that nuclear tau protects DNA strand in heat-stressed neurons, demonstrating tau-mediated DNA protection in post-mitotic neurons [9] . Finally, upon phosphorylation of tau, DNA was not protected any more from structural impairment by hydroxyl radicals. Our experimental results suggest that upon phosphorylation, tau loses its protective function of maintaining the structure of nuclear DNA.
One possible explanation for the observed loss in binding ability of tau to DNA upon hyperphosphorylation is the drastic change in overall charge. This assumption is based on the following points: 1) Tau protein contains much more negative charges after being hyperphosphorylated, which interferes with its binding to the equally negatively charged DNA double strand; 2) As described in our previous work, when Lys is interacting with DNA bases by electrostatic interaction, the pK of its -amino group is 10.8 [9, 66] ; 3) The interaction between tau and DNA is markedly reduced at pH higher than 12, indicating that the interaction depends on electrostatic forces; and 4) Modification of tau in vitro with formaldehyde results in reduced association of tau with DNA [40] .
As described previously by Wei and colleagues [9] , tau protein is able to bend DNA double strands upon association. This is due to the fact that both the microtubule-binding domain and the prolinerich domain of tau can interact simultaneously with the minor groove of DNA double-strands longer than 12 bp. This interaction resembles that of other sequence-nonspecific DNA-binding proteins such as high-mobility group proteins [67] , which can bend DNA chain, with two or more of their protein domains interacting with the DNA double-strand at different regions of the minor groove. It is reasonable to suggest that association of tau protein with DNA can bend and fold DNA double-strands into a folded conformation.
Tau-induced folding of DNA may play a role in increasing its resistance to an attack by ROS, a viewpoint based on the following observations: 1) As described previously [9, 68] , tau can induce a conformational change in DNA, with the more compact form displaying greater resistance to thermal denaturation; 2) Histone H1 is one major DNA-binding protein that mediates DNA protection. However, it displays typical folded conformations of DNA observed by atomic force microscope by Qu and coworkers [6] . In contrast, BSA cannot protect DNA and did not show any folded conformations of DNA chain with the electron microscopy ( Supplementary Fig. 8); 3) p-Tau exhibits weak protection of DNA in vitro either as less conformational change into a folded DNA structure was observed; and 4) As previously suggested, a folded conformation is not only able to shield DNA from the attack of ROS, but also from other incidents, such as chromosomal separation errors during mitosis [69] , or enzymatic modification by DNA glycosylases [70] .
Formaldehyde can react with DNA, resulting in induction of DNA chain crosslinking [71, 72] . As mentioned above, formaldehyde is able to induce tau hyperphosphorylation and DNA damage in N2a cells. DNA may undergo the loss of protection of tau because of tau hyperphosphorylation. The DNA damage possibly coincides with tau hyperphosphorylation, which in turn is caused by the formaldehyde treatment. Whether DNA crosslinking occurs under our experimental conditions needs further investigation. However, DNA strand breakage could not be detected after treatment with formaldehyde by luminescence assay as mentioned above. This indicates that the likely cause for DNA breakage is the loss of protection upon phosphorylation of tau.
Elevation of endogenous formaldehyde levels may be related to the pathogenic process in neurodegenerative diseases [73] [74] [75] . In one such example, namely age-related cognitive impairment, an increase in extracellular formaldehyde level was observed in the cerebrospinal fluid [76, 77] . AD is characterized by loss of neurons and synapses in the cerebral cortex and certain subcortical regions. As described previously, tau displays high DNA binding affinity, which is thought to be associated with protection of the DNA double strand. What is more, as shown here, hyperphosphorylation reduces the ability of tau in the protection of DNA in the presence of formaldehyde. Formaldehyde-induced tau hyperphosphorylation and DNA damage could present a putative mechanism behind the observed neuron loss in age-related cognitive impairment.
In summary, hyperphosphorylation of tau reduces its ability to prevent DNA from thermal denaturation; it loses the ability to accelerate DNA renaturation; it exhibits reduced functionality in protecting DNA from ROS attack; and it does not assist dsDNA from forming a folded structure. Therefore, hyperphosphorylation of tau is not only correlated with disassembly of the microtubule system, but it appears to be associated with the disassociation from and damage of DNA. Future investigation of the relationship between tau hyperphosphorylation and DNA damage may shed further light on the underlying molecular mechanisms resulting in tau-related neurodegenerative diseases.
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